Abstract: Solar domestic hot water (SDHW) can be used to reduce energy bills and greenhouse gas emissions associated with heating domestic water. However, one of the most significant barriers to further deployment of solar thermal applications is the space and weight required for storage of the energy collected. Phase change materials (PCMs) are advantageous for daily energy storage with SDHW due to their high storage density and isothermal operation during phase transitions, and would overcome these obstacles.
Introduction
Solar thermal energy for domestic hot water heating is one of the most cost effective and efficient areas of alternative energy exploitation [1] . The use of phase change materials (PCMs) in latent heat energy storage systems (LHESS) can reduce the volume and weight of storage due to their high storage density, and overcome major obstacles in the further deployment of solar thermal energy [1] . LHESS have high energy densities compared with sensible heat storage systems [2] , and have been shown to store up to 14 times more heat per unit volume than sensible heat storage materials [3] . Fig. 1 shows a s imple schematic of a SDHW system with PCM energy storage.
Fig. 1. Schematic of a LHESS for SDHW.
Energy storage using PCMs in combination with solar collectors has been studied mathematically [4] and experimentally [5] and shown to be advantageous. However, missing from previous works is a working prototype of a SDHW system for a large scale application [6] . This paper presents a phase change heat transfer study performed using a PCM, lauric acid, in a small-scale experimental LHESS using fins to enhance the overall heat transfer process. A numerical model was also created and its results are compared and validated with experimental results. Results of this study are to be used in the design of a SDHW system, with the numerical model to be used further in design optimization, mainly for fin configurations, of the LHESS. The resulting LHESS design will be built and installed in an existing large scale solar thermal system on an apartment building in Halifax by Scotian Windfield Inc.
Phase Change Material Selection
The PCM is selected based on its phase change temperature range and the operating temperatures of the SDHW system. A melting temperature range of 42 to 48 o C and solidification temperature range of 35 to 40 o C were targeted by studying the solar data from an existing SDHW system in Halifax, Canada. Several PCMs were considered based on their appropriate melting temperatures, low toxicities, and cost. The most promising materials were tested using a differential scanning calorimeter (DSC) to study their melting and solidification temperature ranges. Salt hydrates (e.g. Glauber's salt and sodium acetate) tested in the DSC showed significant supercooling, which is a common and undesirable phenomenon for these materials [7] . C. The DSC curve for this lower purity sample compared well with literature curves for pure lauric acid [8] . Other fatty acids that were tested had either incompatible phase transition regions or toxicities and cost that were undesirable. Lauric acid was selected based on its melting temperature range, high heat of fusion, minimal supercooling and safety. The material properties are displayed in Table 1 . To insure stable properties after many melting/solidification cycles, lauric acid was thermally cycled from 37 to 63 °C. A fter 800 cycles, there were no obvi ous signs of degradation. Lauric acid is also safe to use in conjunction with a SDHW system because it is a food grade substance and only a mild irritant [9] .
Experimental Setup
The experimental setup used to study the melting and solidification behavior of lauric acid in a cylindrical container with horizontal copper fins is shown schematically in Fig. 3a . A Solidworks 3D rendering of the container is shown in Fig. 3b . Eight type T probe thermocouples are connected to a National Instruments 16-channel thermocouple module (NI9213) CompactDAQ data acquisition system. Temperatures are recorded using LabView. Thermocouples are located inside the lauric acid (T2 to T7) as well as on the inlet and outlet (T1 and T8), as seen in Fig. 3a . A pulse counter flowmeter from Omega is connected to a counter/pulse generation module (NI9435) on the DAQ system and read by LabView. The container is made of ¼-inch acrylic plastic and is un-insulated to allow visual study of the system. The conditions under which the experiments were performed are summarized in Table 2 . At the beginning of the experiment, lauric acid was solid in the container at room temperature. Hot water from the constant temperature water bath was pumped through the finned copper pipe, eventually melting the lauric acid. T he charging portion of the experiment was completed when the system reached steady state. At this point, cold water from the municipal water supply was pumped through the system to solidify the lauric acid and recover the stored thermal energy. The experiment concluded when the lauric acid was at room temperature. The results obtained with this setup were compared to results of numerical simulations.
Numerical Study
COMSOL Multiphysics (version 4.0a) was used to build a 2D axisymmetric numerical model of the experiment using the Heat Transfer in Solids physics to model the copper and lauric acid, and the Laminar Flow and Heat Transfer in Liquids physics to model the flowing water. The thermophysical properties of water and copper used in the model are those given by COMSOL. For lauric acid, the thermophysical properties used are those presented in Table 1 . In this first numerical study, natural convection in the lauric acid was neglected to reduce computing time. An extremely fine mesh was used, with a maximum element size of 2.58x10 -9 m 2 . The following boundary and initial conditions were used:
i. Initial temperature of 295 K; ii. All outside walls have radiation heat losses to the surroundings and natural convection losses are accounted for on the side wall; iii. No-slip condition on the inner pipe wall; iv. Inlet temperature and water velocity as in Table 2 ; v. No viscous stress and convective flux at the pipe outlet.
Groulx and Ogoh's method of numerically modeling the melting process was used [10] . The simulated time for melting was 11.5 hou rs, and 10 hour s for cooling. Simulations took approximately 8 hours to run.
In the experimental setup, two thermocouples (T4 and T6) were placed symmetrically between horizontal fins at the same height but spaced 180 o apart in order to confirm symmetry in the experiment. In the numerical model, a reference point was added to extract information at this location, as shown in Fig 5. Figure 4 presents the temperatures measured experimentally by thermocouples T1 to T8 during the charging process. Refer to Fig. 3 for thermocouple positions. The inlet temperature (T1) fluctuates during the charging process due to the emersion heater on/off fluctuations, the outlet temperature (T8) logically follows the same trend. The temperature increases more rapidly close to the pipe and fins (T3), where it takes a longer time for the lauric acid to heat up a nd melt in regions farther from the pipe, T4 and T6, followed by T5. The region in the upper corner of the container experiences a fast increase in temperature (T2) after 6 hours, mainly due to the onset of natural convection in this region. The lauric acid does not reach the melting temperature in the bottom corner (T7). In Fig. 5 , it can be observed that after 1.5 hours the melting process started near the pipe and fin surfaces first, with fairly small temperature increases everywhere else. The heat transfer has been enhanced by adding fins, which is clearly evident by looking at the overall temperature increases far from the pipe. After 11.5 hours of charging, solid lauric acid was still present around the inside wall of the container and in the corners. Experimentally, after 11.5 hours, solid lauric acid was only found in the bottom corners. This difference is thought to be due to the effect of natural convection in the system, which increases the overall rate of heat transfer.
Results and Discussion

Charging Process (Melting)
The experimentally measured (green and blue lines) and numerically calculated (red line) temperatures during the charging process are presented in Fig. 6 . Thermocouples T4 and T6 showed slightly offset temperatures due to asymmetry in the fin assembly which caused one side of the container to heat up faster than the other. Melting occurred between 3 a nd 8.5 hours in the numerical model. T he melting point was reached experimentally after 5 and 6 hours, with fairly constant temperature increases leading to this point; this is consistent with the formation of a mushy region around the thermocouple probes. Complete melting of the lauric acid numerically took longer, possibly due to the lack of natural convection in the model. Experimental results showed a sudden temperature increase in the liquid lauric acid just after melting; this rate of temperature increase in the liquid lauric acid was predicted well by the model. The numerical model predicted higher effective heat transfer rates initially, leading to a faster temperature increase in the first 2 hours of charging; this is thought to be due to the ideal contact conduction between pipe, fins and lauric acid in the model. In the experimental setup, contact resistances between pipe and fins, as well as between copper surfaces and the solid lauric acid, may have resulted in decreased heat conduction rates at startup.
Discharging Process (Solidification)
Because of the higher flow rate of cold water used during the discharging process, solidification happened over a shorter period of time than melting: 3.5 hours compared to 11. Figure 7 shows the temperatures in the system during discharging, obtained numerically. The white contour line represents the solidification interface. Solidification of the lauric acid in the numerical model took 4 hours, as seen in Fig. 7 . Of importance to note, the lauric acid solidified at a temperature of 43 o C, different from the predicted DSC measurements, which normally have a certain degree of supercooling. Nucleation happened in the first 15 m inutes of cooling during the experiment, due to the presence of the thermocouple probes; this cannot be predicted numerically. However, the model does predict a solidification plateau similar to the one observed experimentally, and only slightly over predicts the time required for solidification at that point in the system. Throughout the experiment, an insignificant amount of volume change from the solid to liquid phase was observed. Lauric acid did react weakly with copper, taking a bluish color in the liquid state; however this mild reaction does not lead to corrosion in any significant form [11] .
Conclusion
The melting and solidification behavior of lauric acid inside a cylindrical container with a horizontal finned pipe was examined experimentally and numerically. Results for the charging experiment, when compared to the numerical simulations, clearly showed that a mushy region appeared in the system. The presence of natural convection in the liquid melt played a significant role in speeding up t he heat transfer and melting process. During discharging, the numerical results predicted fairly well the cooling and solidifying behavior observed in the experimental measurements; demonstrating that the effect of natural convection during solidification is for the most part negligible.
